The IL-1 family consists of 11 cytokines that control a complex network of proinflammatory signals critical for regulating immune responses to infections. They also play a central role in numerous chronic inflammatory disorders. Accordingly, inhibiting the activities of these cytokines is an important therapeutic strategy for treating autoimmune diseases and lymphomas. Agonist cytokines in the IL-1 family activate signaling by binding their cognate receptor and then recruiting a receptor accessory protein.
Conversely, antagonist cytokines bind their cognate receptor but prohibit recruitment of receptor accessory protein, which precludes functional signaling complexes. The IL-36 subfamily of cytokines is the most diverse, including three agonists and at least one antagonist, and is the least well-characterized group within this family. Signaling through the IL-36 receptor directly stimulates dendritic cells and primes naive CD4 T cells for Th1 responses. Appropriately balanced IL-36 signaling is a critical determinant of skin and lung health. IL-36 signaling has been presumed to function analogously to IL-1 signaling. In this study, we have defined molecular determinants of agonist and antagonist signaling through the IL-36 receptor. We present the crystal structure of IL-36g, which, to our knowledge, is the first reported structure of an IL-36 agonist. Using this structure as a guide, we designed a comprehensive series of IL-36 agonist/antagonist chimeric proteins for which we measured binding to the IL-36 receptor/IL-1 receptor accessory protein complex and functional activation and inhibition of signaling. Our data reveal how the fine specificity of IL-36 signaling is distinct from that of IL-1. The Journal of Immunology, 2014, 193: 000-000.
A lmost 30 years ago, the cloning of IL-1a (1) and IL-1b (2) enabled the thorough analysis of their biological functions. Since then, it has been shown that the dysregulation of IL-1 cytokine activities causes a variety of inflammatory disorders (e.g., familial Mediterranean fever, gout, type 2 diabetes), and IL-1 cytokines and receptors have been targeted for numerous indications (3) .
Based on sequence and structural similarity, the family of IL-1 cytokines has expanded over time and now consists of eleven cytokines that can be grouped according to their primary receptor (4) . IL-1R binds to two activating cytokines, IL-1a and IL-1b, and one inhibitory cytokine, IL-1R antagonist (IL-1Ra). ST2 is the receptor for IL-33, an agonist cytokine, but has no known antagonist. IL-18R binds the agonist IL-18 and the antagonist IL-37. IL-36R (formerly IL-1Rrp2) is the most promiscuous primary receptor with three agonists, IL-36a, IL-36b, and IL-36g, and one antagonist, IL-36R antagonist (IL-36Ra). Moreover, IL-38 has recently also been described to act as an antagonist for IL-36R in an Aspergillus infection model (5) .
After binding to their cognate primary receptors, all agonistic ILs recruit the IL-1R accessory protein (IL-1RAcP), except for IL-18, which uniquely recruits the IL-18R accessory protein. Cytokinemediated dimerization of the primary receptor with the accessory protein drives productive signaling through engagement of cytoplasmic Toll/IL-1 receptor domains from each of these membranespanning proteins, ultimately leading to NF-kB or MAPK activation (6) . Antagonist cytokines are thought to inhibit signaling by binding to their cognate receptor and preventing the recruitment of the relevant accessory protein.
The IL-36 cytokines are the least well-characterized within the IL-1 family of cytokines, as only recently it has been possible to define the biological functions of these cytokines. For other members of this family it had previously been shown that they act not only on innate immune cells but also stimulate the adaptive immune system. For example, IL-1b increases the lineage commitment of Th17 cells, whereas IL-18 is connected with Th1 cell development and IL-33 with Th2 cell development (7) . After the discovery that the IL-36 cytokines require a precisely processed N terminus for high-affinity binding to their cognate receptor IL-36R (8) , it was shown that they can directly stimulate bone marrowderived (9) and monocyte-derived dendritic cells (10) . Additionally, naive CD4 T cells express IL-36R and become primed for Th1 responses (11) .
A consistent theme in IL-1 family cytokine signaling is the balance between agonism and antagonism that leads to appropriate control of innate immunity and inflammation. Many chronic inflammatory conditions result from an imbalance in activating versus inhibitory signals but can, in some cases, be treated by restoring molecular brakes to signaling in the form of agonistneutralizing molecules (e.g., Abs or decoy receptors) or engineered antagonists (3, 12) . Appropriately balanced signaling through IL-36R is a critical determinant of skin and lung health, as epithelial cells secrete IL-36 cytokines. Overexpression of IL-36a in a mouse model exhibited a similarity to human psoriasis, and deletion of IL-36Ra increased the severity of this phenotype (13). The absolute dependence of psoriasis on IL-36 signaling was later observed in an IL-36R knockout mouse (14) . In humans, overexpression of all three agonists has been detected in psoriatic skin lesions (13, 15, 16) . Moreover, mutations in the antagonist IL36Ra have been shown to be responsible for general pustular psoriasis, a life-threatening form of the disease (17, 18) . In addition to its involvement in psoriasis, IL-36a has also been shown to cause lung inflammation in mice (19) .
How IL-36Ra antagonizes IL-36R activation has been deduced to date primarily by analogy to the well-characterized inhibition and activation of IL-1R signaling by IL-1Ra and IL-1b, respectively. The crystal structures of the ternary complexes of IL-1b in complex with either IL-1RI/IL-1RAcP (20) or IL-1RII/IL-1RAcP (21) revealed a largely identical architecture of the ternary complexes, where binding of IL-1RAcP is achieved using a combined surface of IL-1R and IL-1b. Whereas contacts between IL-1RAcP and the two receptors, IL-1RI and IL-1RII, are largely variable, the interactions between the accessory protein and IL-1b are virtually identical in both complexes. Most contacts between IL1RAcP and IL-1b are made through residues in the loops connecting b strands 4 and 5 (b4/5) and b11/12, and to a lesser extent to residues on b9. Not surprisingly, the largest structural differences between the agonist IL-1b and the antagonist IL-1Ra are located in these loops (21) , providing a structural basis for how IL-1Ra prevents IL-1RAcP from binding. Because the cytokines of the IL-36 family also must recruit IL-1RAcP into a cytokine/ receptor/accessory protein ternary complex for functional signaling (22) , it has been speculated that the modes of activating and inhibitory signaling through IL-36R are similar to those observed for IL-1 agonist and antagonist cytokines (8, 15) .
To gain a better understanding of the underlying molecular basis for IL-36 cytokine signaling through IL-36R, we determined the x-ray crystal structure of human IL-36g, which, to our knowledge, is the first structure of an agonist cytokine belonging to the IL-36 subfamily. This structure, in combination with the previously solved structure of murine IL-36Ra (23), guided our design of a comprehensive series of IL-36g/IL-36Ra (both human) chimeric mutants with which we have defined, using both biophysical and functional assays, the fine specificity of agonist and antagonist signaling through the IL-36 receptor.
Materials and Methods

Construct generation
All ILs were cloned into a pET30 expression vector (EMD Millipore) containing an N-terminal hexahistidine tag followed by a tobacco etch virus (TEV) protease recognition site. After protease treatment, the final proteins included residues 18-162 of human IL-36g (UniProt Q9NZH8) and 2-155 of human IL-36Ra (UniProt Q9UBH0; containing a Val to Ser mutation at position 2 for efficient protease cleavage by TEV) corresponding to the previously described highly active processed forms (8) . Loop swaps were introduced by PCR using overlapping oligonucleotides containing the new sequences flanked by sequences of the target site for integration, following a FastCloning PCR procedure (24) . Site-directed mutations were introduced following the QuikChange mutagenesis method (Agilent Technologies). Sequences of all proteins used in this study are found in Supplemental Fig. 1 .
Expression and purification of ILs
All ILs were expressed in Escherichia coli BL21(DE3)pLysS cells induced at an OD 600 of ∼0.6 with 0.1 mM isopropyl b-D-thiogalactoside overnight at 18˚C. After sonication, proteins were purified by Ni 2+ -NTA chromatography. The hexahistidine tag was removed by digestion with 63His-TEV, both of which were removed by a second Ni 2+ -NTA chromatography step. Finally, the proteins were purified by gel filtration on a Superdex 200 column either in 10 mM MES (pH 6.5) and 50 mM NaCl for crystallography or in 10 mM HEPES (pH 7.4), 150 mM NaCl, and 2 mM DTT for binding and functional assays.
Expression and purification of IL-36R/IL-1RAcP heterodimers
Human IL-36R and IL-1RAcP were expressed and purified as described (8) . Briefly, IL-36R (residues 1-335, UniProt Q9HB29) and IL-1RAcP (residues 1-367, UniProt Q9NPH3) were each cloned as fusion proteins with a C-terminal human IgG1 Fc domain and 63His tag into pFastBac1 (Life Technologies) and subsequently transfected into Sf9 cells for baculovirus propagation. For protein expression, Sf21 cells growing in Sf-900 serumfree medium supplemented with 2% FBS were simultaneously infected with viruses for IL-36R-Fc and IL-1RAcP-Fc. After 84 h the supernatant was passed over a Sepharose column with immobilized IL-36a (UniProt Q9UHA7; residues 6-158, with a Lys to Ser mutation at position 2). Bound receptor was eluted with 0.1 M glycine (pH 3.0), and collected fractions were immediately neutralized with 1 M Tris (pH 8.0) prior to dialysis against PBS (pH 7.4). When cells were individually infected with baculoviruses for either IL-36R-Fc or IL-1RAcP-Fc alone, yielding homodimeric receptors, no protein bound to the immobilized IL-36a. Only supernatant from doubly infected cells yielded a fraction of heterodimeric IL-36R/IL1RAcP-Fc receptor pairs capable of binding to the immobilized IL-36a.
Binding analysis
Kinetic parameters and affinities of protein-protein interactions were measured by surface plasmon resonance (SPR) analysis using a Biacore T100 biosensor (GE Healthcare). One thousand response units of protein A from Staphylococcus aureus (Sigma-Aldrich) were immobilized on all channels of a CM5 sensor chip. Approximately 200 response units of heterodimeric IL-36R-Fc/IL-1RAcP-Fc was captured on flow cell 2, whereas the first flow cell was used as reference. Binding experiments were carried out in 10 mM HEPES (pH 7.4), 150 mM NaCl, 0.05% (v/v) Tween 20, and 2 mM DTT at 25˚C as single cycle kinetic analysis using five concentrations of a 4-fold titration series.
Functional analysis
HEK293T cells were cultured in serum-free FreeStyle F17 medium, supplemented with GlutaMAX and gentamicin (Life Technologies). Cells were transfected with full-length human IL-36R cloned into pcDNA4/TO (Life Technologies) using FugeneHD (Promega). The human IL-8 promoter was used as a reporter gene (8) and cloned into the NanoLuc luciferase reporter vector pNL2.2 (Promega). Both plasmids were transfected at a ratio of 10:1 (reporter/IL-36R). IL-1RAcP is endogenously expressed by HEK293T cells (25) . Eighteen hours after transfection, cells were harvested and seeded into a 96-well plate for exposure to ILs. For activation assays, cells were incubated with titrated concentrations of ILs for 5 h prior to cell lysis and measurement of luciferase activity using a Veritas luminescence reader (Promega). Data were normalized to the average activation of wild-type IL-36g measured at 100 and 1000 nM in each experiment. For inhibition assays, the cells were pretreated for 15 min with antagonist prior to activation by 2 nM IL-36g. Five hours later, cells were lysed and luciferase activity was measured. Data were normalized to the activity measured in the absence of antagonist. Nonstimulated cells were used for background subtraction. All results shown are the means of duplicates 6 SD of representative experiments that were conducted at least three times.
Crystallization and structure determination IL-36g was buffer-exchanged into 20 mM MES (pH 6.5) and 150 mM NaCl, concentrated to 10 mg/ml, and crystallized by hanging drop vapor diffusion against 30% (w/v) PEG 5000 MME and 0.1 M sodium acetate (pH 4.5). Crystals were cryo-cooled in mother liquor supplemented with 20% (v/v) ethylene glycol. Data were collected at beam line 12-2 of the Stanford Synchrotron Radiation Lightsource. IL-36Ra(b11/12) was bufferexchanged into 10 mM HEPES (pH 7.4), 150 mM NaCl, and 2 mM DTT and crystallized by sitting drop vapor diffusion against 1.2 M NaH 2 PO 4 , 0.6 M K 2 HPO 4 , 0.1 M CAPS (pH 10.5), and 0.2 M LiSO 4 . The crystal form was improved by microseeding. Crystals were cryo-cooled in mother liquor supplemented with 20% (v/v) glycerol, and data were collected at beam line 23ID-B of GM/CA at the Advanced Photon Source, Argonne National Laboratory. IL-36Ra(b4/5|b11/12) and IL-36Ra(b4/5|b11/12) R103A/M105A
were also buffer-exchanged into 10 mM HEPES (pH 7.4), 150 mM NaCl, and 2 mM DTT concentrated to 10 mg/ml and crystallized by sitting drop vapor diffusion against 25% (w/v) PEG 5000 MME, 0.1 M sodium acetate (pH 5.3) and 30% (w/v) PEG 5000 MME, 0.1 M sodium acetate (pH 5.3), respectively. Crystals were cryo-cooled in mother liquor supplemented with 20% (v/v) glycerol, and data were collected at beam line 11-1 of the Stanford Synchrotron Radiation Lightsource. All data sets were processed using the XDS package (26) and AIMLESS (27) . Initial phases were obtained by molecular replacement using the program PHASER (28) using the model of murine IL-36Ra (Brookhaven Protein Data Bank [PDB] code 1MD6) as a search model. The final models were built using iterative rounds of refinement with the PHENIX program package (29) interspersed with manual model building in COOT (30) . The IL-36g, IL-36Ra(b11/12), IL-36Ra(b4/5|b11/12), and IL-36Ra (b4/5|b11/12) R103A/M105A structures were deposited in the PDB with IDs 4IZE, 4P0J, 4P0K, and 4P0L, respectively.
Results
Crystal structure of IL-36g
The x-ray crystal structure of the agonist IL-36g exhibits the typical b-trefoil fold observed in all other IL-1 family ILs, consisting of 12 b-strands connected by 11 loops (Fig. 1 , Supplemental Table I ). Superposition with the structure of the murine IL-36 antagonist IL-36Ra (23) , which has 90.4% sequence identity to human IL-36Ra, reveals a largely identical structure with an overall root mean square deviation of 1.14 Å . The largest differences are located in the b4/5, b6/7, and b11/12 loops.
Activation and inhibition of the IL-36 signaling cascade are assumed to follow the same principles as for IL-1 (8) . The structure of IL-36g allowed us to build a model of the IL-36R/IL-1RAcP/IL-36g ternary signaling complex with a homology model of IL-36R and the structure of IL-1RAcP from the previously determined IL-1 signaling complexes using these as a blueprint (Fig. 1A) . This model shows that the b4/5 and b11/12 loops are likely to directly interact with IL1RAcP. These two loops exhibit the largest conformational differences between the IL-36g and IL-36Ra structures (Fig. 1B) . The b6/7 loop is not predicted to be involved in binding to either IL-1RAcP or IL-36R. Compared to IL-36g, the b11/12 loop in IL-36Ra is four amino acids longer, and superposing IL-36Ra onto the ternary complex of IL-1 leads to significant clashes with IL-1RAcP. In contrast, the b4/5 loop is four amino acids shorter, which likely prevents residues from this loop from engaging IL-1RAcP.
Charge effects on binding to IL-1RAcP and IL-36R signaling
In addition to the importance of the b4/5 and b11/12 loops, it has been reported that a charged residue directly C-terminal of the b11/12 loop has a large influence on the agonist and antagonistic properties of IL-1b relative to IL-1Ra (31) . In IL-1b this residue is an aspartate (Asp 145 ) (Fig. 1C , Supplemental Fig. 2A ). Changing it to lysine, as found in IL-1Ra (Lys 145 ), drastically reduces the agonistic activity of IL-1b, whereas the reverse mutation renders IL-1Ra partially agonistic (31, 32) . In the IL-1R complex structures, IL-1b residue Asp 145 makes a direct hydrogen bond to Ser 185 of IL-1RAcP (Supplemental Fig. 2A ). All IL-36 cytokines except IL-36g have residues capable of hydrogen bonding at this position (IL-36Ra and IL-36a, aspartate; IL-36b, asparagine, IL36g, alanine). That IL-36Ra has an aspartate at this position implies that it is likely using a different strategy, at the atomic level, to inhibit IL-1RAcP binding than does IL-1Ra. In fact, when the structure of IL-36Ra was initially determined, its receptor had not yet unambiguously been identified, and it was thus assumed that it would act as an agonist based on the similarity of this residue to that of IL-1b (23) .
To test the importance of this residue for binding and activity of IL-36 cytokines, we mutated it in both IL-36g (position 162) and IL-36Ra (position 148). In IL-36g, introduction of an aspartate at position 162 increased the affinity to the preformed IL-36R/IL1RAcP heterodimer 3-fold, whereas mutating Ala 162 to lysine reduced the affinity 100-fold, as measured by SPR ( Fig. 2A, 2B , Supplemental Table II) . We observed parallel effects when we measured signaling through IL-36R in a cell-based functional assay. IL-36g A162D activated IL-36R signaling similar to wild-type IL-36g, whereas IL-36g A162K had an ∼15,000-fold reduced activity (Fig. 2C) . To determine whether the reduced activity of the IL- A162K variant was potentially caused by a gain in antagonist properties, we tested this variant for inhibition of IL-36R signaling (Fig. 2D) ; however, it did not show any sign of inhibition. In IL-36Ra, changing Asp 148 to lysine led to no apparent change in IL-36R/IL-1RAcP heterodimer binding affinity ( Fig. 2A, 2B , Supplemental Table II ) and a similar inhibitory profile to wildtype IL-36Ra (Fig. 2D) . At the highest concentration tested in the inhibition assay, we observed a highly reproducible reduction in inhibitory capacity for IL-36Ra D148K relative to wildtype IL-36Ra, likely attributable to cross-reactivity of this mutant with other receptors expressed endogenously by HEK293T cells, as we also observed activation of cells not transfected with IL-36R at high concentrations of IL-36Ra D148K . In summary, the mutagenesis data for IL-36g and the conservation of residues putatively functioning as hydrogen bond acceptors in IL-36a (aspartate) and IL-36b (asparagine) suggest a conservation of the three-dimensional orientation of the IL1RAcP to the IL-36R/IL-36 agonist complex, thus enabling the interaction between Ser 185 of IL-1RAcP and the IL-36R-bound agonist cytokine. However, it is unclear whether the orientation of the antagonist IL-36Ra in the complex with IL-36R would allow these same interactions, as the potential of aspartate in IL-36Ra to act as a hydrogen bond acceptor may be shielded by the long adjacent b11/12 loop. These data suggest that IL-36Ra is using a different approach than IL-1Ra to inhibit binding of IL-1RAcP.
b11/12 loop swaps
Next we asked how much the b11/12 loop, directly N-terminal of the aforementioned charged residue, contributes to the activation and/or inhibition of the IL-36R signaling cascade. We swapped the b11/12 loop between IL-36g and IL-36Ra (Fig. 1C) and assessed their binding to IL-36R/IL-1RAcP heterodimers and abilities to activate and inhibit IL-36R signaling. Two different loop lengths were chosen based on previous results: 1) a shorter version that included only the loop connecting the two b-strands (b11/12), and 2) a longer version that additionally included the residues C-terminal to the loop (b11/12*), including the residues that potentially bind directly to IL-1RAcP as described above. Replacing the b11/12 loop in IL-36g with that which corresponds to IL-36Ra led to a 14-fold reduction in binding affinity (Fig. 3G , Supplemental Table II ) and to a .1000-fold reduced activity (Fig. 3A) . The additional inclusion of the Ala 162 Asp mutation did not increase the affinity as it did in wild-type IL-36g, but instead reduced it further. This loss in affinity also correlated with a further reduction in agonist activity compared with the shorter b11/12 loop swap (Fig.  3A) . In both cases the loss in affinity was mainly caused by an increased dissociation rate (Supplemental Table II ). The corresponding changes in IL-36Ra only slightly decreased the affinity for IL-36R/IL-1RAcP (Fig. 3G , Supplemental Table II), which was reflected by marginally reduced antagonism (Fig. 3E) .
Taken together, these results imply that the b11/12 loop is much more important for agonist than for antagonist function. When combined with the previous results for the single point mutant IL36g A162D , these data indicate that the longer b11/12 loop of IL36Ra masks the interactions of this residue C-terminal of the loop to the aforementioned helix in IL-1RAcP (Supplemental Fig. 2A ).
b4/5 loop swaps
Another region that makes direct contact with IL-1RAcP in the IL1b ternary complex structures is the b4/5 loop. More specifically, in both cases Asp 54 of IL-1b, at the tip of its b4/5 loop, forms a hydrogen bond with Arg 286 of IL-1RAcP (Supplemental Fig. 2B ). In IL-36g, both the length of the loop and its conformation are markedly different (Fig. 1C, Supplemental Fig. 2B, 2C ). The two residues closest in space to IL-1b Asp 54 in IL-36g are Gly 70 and Arg
71
. The arginine makes intramolecular hydrogen bonds with IL36g residues Glu 131 and Asp
137
, suggesting that it may not be free to engage IL-1RAcP, whereas the glycine is missing a side chain necessary for interaction with IL-1RAcP. Therefore, the mechanism of IL-1RAcP recruitment by the IL-36R/IL-36g complex must differ from that of the IL-1R/IL-1b complex. At position 70, IL36a has a glutamate residue and IL-36b an aspartate, such that these IL-36 agonist cytokines could mediate interactions in a ternary complex in a similar fashion as has been observed for IL-1b.
To estimate the general contribution of the IL-36g b4/5 loop to IL-36R signaling, we conducted the same set of experiments as described above for the b11/12 loop swap mutants. Exchanging the b4/5 loop in IL-36g reduced its affinity for the preformed IL-36R/IL-1RAcP-Fc complex only slightly (Fig. 3G , Supplemental Table II ) and its cell-based activity ∼10-fold (Fig. 3C) . Compared to the effects of the b11/12 loop, the b4/5 loop makes a relatively small contribution to the interaction with IL-1RAcP. The reverse experiment with IL-36Ra yielded a 2-fold affinity increase (Fig.  3G , Supplemental Table II ). This increase in affinity to the IL-36R/ IL-1RAcP heterodimer is likely due to increased affinity specifi- cally to IL-36R, not to IL-1RAcP, as this mutant did not show any agonist properties but, instead, was a better antagonist than wildtype IL-36Ra (Fig. 3F) . A possible cause for this observed improved binding is that the introduction of the IL-36g b4/5 loop alters the electrostatic potential of this region. This, in turn, could influence binding to and, subsequently, mobility of domain 3 (D3) of IL-36R, which is part of the binding interface with IL-1RAcP in the ternary complex structures with IL-1b. Moreover, it has been shown that the linker between D2 and D3 is highly flexible, allowing for numerous positions of D3 relative to D1/D2, which are effectively fixed in position relative to one another (33, 34) .
We also designed a second b4/5 loop-swapped IL-36Ra variant (b4/5*) (see Fig. 1C ). In this case, the complete loop connecting b strands 4 and 5 was exchanged, resulting in five additional amino acids being exchanged (four on the N-terminal and one on the C-terminal sides). Surprisingly, this loop variant had a .70-fold reduced affinity for the IL-36R/IL-1RAcP complex compared with wild-type IL-36Ra (Fig. 3G , Supplemental Table II) , lost all of its antagonist potential, but gained substantial agonist activity (Fig.  3C) . In fact, its signaling ability was comparable to the IL-36g(b11/ 12) loop-swapped variant, which has the same loops (i.e., b4/5 from IL-36g and b11/12 from IL-36Ra) (Fig. 3A) , although this IL-36Ra variant bound to the IL-36R/IL-1RAcP complex ∼2000-fold weaker. This may be due to the extended loop swap causing more extensive conformational changes in adjacent regions such as the b7/8 loop, which could negatively impact its interaction with IL-36R.
In summary, only five residues around the b4/5 loop appear to be crucial for the antagonistic properties of IL-36Ra, as the shorter loop-swapped version exhibited increased binding and antagonism. Conversely, the extended b4/5 loop-swapped version of IL36Ra lost this property and became a pure agonist (although with much lower potency than wild-type IL-36g).
Combining loop swaps increases partial agonist behavior
After assessing the influence of the individual loops, we also characterized variants in which both loops were exchanged. For IL-36g, exchanging both loops led to a drastic loss in affinity of .30,000-fold (Fig. 4G, Supplemental Table II ). This IL-36g(b4/ 5|b11/12) variant, however, activated IL-36R signaling as well as did the IL-36g(b11/12) variant (Fig. 4A) . Moreover, this variant exhibited no signs of antagonistic behavior, supporting the likelihood that more sites of interaction between IL-36R-bound IL-36g and IL-1RAcP exist than just the b4/5 and b11/12 loops. Combining both loop swaps in IL-36Ra resulted in a IL-36R/IL-1RAcP binding affinity equal to the that of wild-type IL-36Ra (Fig. 4G , Supplemental Table II) . However, this variant became a partial agonist, stimulating at an activation level of ∼40% of IL-36g, with nearly no remaining antagonist potential (Fig. 4B, 4E ). In contrast, the combination of the b11/12 loop swap with the extended b4/5 loop, which alone led to a 70-fold decrease in affinity for the IL-36R/IL-1RAcP complex, further reduced its affinity to the micromolar range (Fig. 4G , Supplemental Table II) . Concomitant with this loss in affinity, the double-swapped IL-36Ra variant exhibited reduced IL-36R-mediated signaling activation and became unable to inhibit signaling by IL-36g (Fig. 4C, 4F ).
Structural integrity of loop-swapped mutants
To ensure the structural integrity of the b4/5 and b11/12 loopswapped cytokines, we determined the crystal structures of the single loop-swapped IL-36Ra(b11/12) and the double loop-swapped IL36Ra(b4/5|b11/12). As expected, the structures of the chimeras were almost perfectly superimposable with murine IL-36Ra (23) (root mean square deviation of 1.37 Å for the single and 1.31 Å for the double loop-swapped variants, respectively), except for the loops that had been swapped with the ones from IL-36g (Supplemental Fig. 2D , Supplemental Table I ). The only other loop that adopted a different conformation was loop b7/8. In the murine structure this loop is involved in crystal contacts, whereas in our structures, it is not stabilized by any contacts to neighboring molecules in the crystal. Both exchanged loops adopted a conformation clearly distinct from wild-type IL-36Ra. Comparison with these loops in the IL-36g structure confirmed that their conformations were maintained in the IL-36Ra chimeras (Supplemental Fig. 2D ). In the double loopswapped structure, notably, IL-36Ra residues N-terminal of the loop also adopted the conformation observed in the wild-type IL-36g structure (Supplemental Fig. 2C ). It is therefore highly likely that the extended swap of the b4/5 loop from IL-36g into IL-36Ra also maintains its original conformation.
These structures enabled us to model the influence of the observed changes on the binding of IL-36Ra to IL-36R. We used the structure of IL-1RI/IL-1b (PDB 4DEP) as a general model for the IL-36R/IL-36 complexes. The homology model of IL-36R was generated using the Web version of Modeler (35) . The modeled complex structures of IL-36R with IL-36g, IL-36Ra(b11/12), and IL-36Ra(b4/5|b11/12) show that the b4/5 loop is proximal to D3 of IL-36R (Supplemental Fig. 2C) . Comparison of the loopswapped IL-36Ra with wild-type IL-36g and IL-36Ra show that Trp 49 adopts a different rotamer conformation, which is similar to the rotamer of Tyr 63 at the corresponding position in wild-type IL36g. In the wild-type IL-36Ra b4/5 loop, the amine of the Trp 49 indole ring forms a hydrogen bond to the main chain of loop b7/8. In its new rotamer position in the IL-36Ra(b4/5|b11/12) chimera, it is rotated away from intramolecular interactions and is, consequently, free to make intermolecular interactions with D3 of IL-36R. This could explain why the chimera IL-36Ra(b4/5) bound better than did wild-type IL-36Ra and was, in fact, a better antagonist.
The fact that the loop swaps of the extended b4/5 loop showed drastically different behavior must be due to the five residues adjacent to this loop that differ between both IL-36Ra variants (see Fig. 1C ). Of these five residues, only three residues directly adjacent to the exchanged part form the surface of the IL and have the potential to interact with IL-36R, two of which are on the N-terminal side of the loop and one on the C-terminal side. In IL36Ra with the extended b4/5 loop swap, Arg 50 is changed to lysine and Trp 49 to tyrosine. On the C-terminal side Ser 55 becomes aspartate. All of these changes could enable new interactions with IL-36R D3, which could influence binding to IL-1RAcP. In the structure of IL-1RI with IL-1Ra, this domain is positioned away from the potential interface with IL-1RAcP when compared with the complex of IL-1RI with IL-1b and the ternary complex of IL-1RII/IL-1b/IL-1RAcP (21, 36, 37 ). This is likely one cause for the antagonistic properties of IL-1Ra.
Residues on b8 influence IL-1RAcP binding
The fact that exchanging both loops did not turn IL-36Ra into a full agonist, comparable to IL-36g, indicated that these two loops are not the only sites important for engaging IL-1RAcP. Additional sites that likely contact IL-1RAcP are found on b strands 8 and 9 (Fig. 1A,  1C) . The two side chains that would face the predicted IL-1RAcP binding site are Arg 103 and Met 105 in IL-36Ra, whereas in IL-36g these are Ala 122 and Thr
124
, two significantly smaller residues. A molecular model of the ternary IL-36 signaling complex indicates that the hydrogen bond between Ser 185 of IL-1RAcP and the charged residues adjacent to the b11/12 loop of the cytokine could be influenced by residues on b8. That is, Arg 103 and Met 105 may sterically hinder the insertion of the IL-1RAcP a helix containing Ser 185 into a pocket formed by IL-36R/IL-36g (Supplemental Fig.  2A) . Accordingly, mutation of Arg 103 alone reduced the affinity of the IL-36Ra(b11/12) loop mutant for the IL-36R/IL-1RAcP complex 2-fold (Fig. 5G, Supplemental Table II) , the low activation observed for IL-36Ra(b11/12) is further reduced, and no significant change in inhibitory activity was measureable (Fig. 5A, 5D ). The double mutant in contrast showed a 2-fold increased affinity, an increase in agonist activity, and at the same time reduced inhibitory activity (Fig. 5A, 5D , Supplemental Table II ). This supports the hypothesis that removal of the potential steric clashes caused by these side chains prevents the interaction of Ser 185 of IL-1RAcP with Asp 148 of the b11/12 loop-swapped IL-36Ra. Finally, we included the double mutation Arg 103 Ala/Met 105 Ala in the double loop-swapped IL-36Ra variants. Combination of both double loop-swapped IL-36Ra variants (with the shorter and longer b4/5 loop) led to 2-and 6-fold increases in affinity, respectively, for the IL-36R/IL-1RAcP complex (Fig. 5G , Supplemental Table II) . For the double-swapped IL-36Ra mutant with the shorter b4/5 loop, this increase in affinity resulted in an increase in antagonistic potential (Fig. 5E) , almost reaching the wild-type inhibition level, and simultaneous loss of agonist activity (Fig. 5B) . In contrast, the double-swapped variant with the extended b4/5 loop exhibited increased affinity and agonistic Table II) .
behavior (Fig. 5C, 5G , Supplemental Table II) , which is similar to that of the single b4/5* loop-swapped IL-36Ra variant (Fig. 3C) .
In both b4/5|b11/12 double-swapped chimeras the introduction of the double point mutation led to a molecule whose effect more closely resembled the one from the respective single b4/5 loopswapped IL-36Ra variants, effectively overriding the combinatorial effect of the b11/12 loop. To better understand the effects of the point mutations on the structure of the IL-36Ra chimeras, we also solved the crystal structure of the double-swapped IL-36Ra that contains the two point mutations IL-36Ra(b4/5|b11/12) R103A/M105A . These two mutations did not alter the local structure of the chimeric IL-36Ra when compared with the double-swapped IL-36Ra. Based on our complex model of IL-36R/IL-36Ra, these residues do not interact with IL-36R, but an electrostatic analysis revealed that the removal of Arg 103 increases the negative charge in this region of IL-36Ra (Supplemental Fig. 2E , Supplemental Table I ). However, because we can only measure binding to a preformed IL-36R/ IL-1RAcP complex, we cannot distinguish whether these point mutations affect binding to IL-36R or IL-1RAcP or both.
IL-36 fusion chimeras
IL-1RI has two major sites for binding IL-1b and IL-1Ra. Site I is formed by the combined surface of D1 and D2, whereas site II is formed by D3. Whereas IL-1b binds to both sites I and II, IL-1Ra primarily engages site I. This lack of binding to site II enables a rotation of D3 away from the interface with IL-1RAcP, likely contributing to the antagonistic properties of IL-1Ra (21). Hou et al. (12) capitalized on the knowledge that IL-1Ra has a higher affinity for site I and IL-1b for site II to create IL-1b/IL-1Ra chimeras that combine both binding sites and function as either superior agonists or antagonists. To test whether IL-36g and IL-36Ra behave similarly to the IL-1 cytokines, we generated chimeras of IL-36g and IL-36Ra that corresponded to the most agonistic and antagonist chimeric version of IL-1b /IL-1Ra (Supplemental Fig. 1 ). Chimera 125:30 combines 125 residues from IL-36g with 30 from IL-36Ra and corresponds to the superior agonist created by Hou et al. (12), whereas the superior antagonist chimera 96:63 combines 96 residues from IL-36g and 63 from IL-36Ra. Surprisingly, both IL-36 chimeras had a much lower affinity than did either wild-type IL36g or IL-36Ra for the IL-36R/IL-1RAcP complex (Fig. 6C ). This loss in affinity was also reflected in an almost complete loss in agonist potency and no measurable antagonist activity for both chimeras (Fig. 6A, 6B ). Although IL-1b and IL-1Ra bind in an identical orientation to both IL-1RI and IL-1RII, the orientation of IL-33 bound to ST2 is slightly rotated (33) , revealing that variability in the relative orientations of receptor, accessory protein, and IL to one another between IL-1 and IL-33 receptor systems exists. Our data suggest that 1) the orientation of IL-36 cytokines relative to the IL-36R differs from that of IL-1 cytokines to IL-1RI/II, and/or 2) IL-36g and IL-36Ra do not bind identically to IL-36R (Fig. 7) . Thus, although the molecular basis for signaling in the IL-1 and IL-36 receptor systems may be grossly similar, the fine specificities of agonist and antagonist cytokines are distinct (Fig. 8) .
IL-36Ra mutations associated with generalized pustular psoriasis
After the initial reports of missense mutations in IL36RN (the gene coding for IL-36Ra) leading to generalized pustular psoriasis (17, 18) , several other missense mutations have been identified (38) (39) (40) (41) (42) (43) . Altogether, 11 missense mutations of nine different residues have been reported to date (Table I) . These residues can be subdivided into surface-exposed and buried residues. Mutations in the buried residues likely resulted in improper folding and reduced stability of IL-36Ra. All of the remaining, surface-exposed, residues are positioned at the putative interface with IL-36R and, thus, likely affect interactions between IL-36Ra and IL-36R. Two of the missense mutations (N47S and R48W) are located in the b4/5 loop, which we have shown is critical for the antagonistic activity of IL-36Ra.
Discussion
Through a combination of biophysical, functional, and structural analyses of the IL-36R-specific agonist IL-36g, its antagonist IL-36Ra, and chimeras of the two, we have substantially defined the molecular mechanisms of agonism and antagonism in the IL-36 family. The IL-36 cytokines share the same coreceptor (IL1RAcP) with the IL-1 cytokines and IL-33 and their respective primary receptors (7) . Additionally, although the ILs and their receptors share the same fold, they have low sequence identity. In the two ternary structures of IL-1RAcP with IL-1RI/IL-1b and IL-1RII/IL-1b, the specific interactions of IL-1RAcP with IL-1b are identical, but only a subset of the interactions of IL-1RAcP with IL-1RI and IL-1RII is conserved (20, 21) . Nevertheless, the overall architecture of these complexes is highly similar. Although the sequences of ST2 (IL-33R) and IL-36R also differ substantially from IL-1RI and IL-1RII, it is expected that the ternary complexes with IL-1RAcP exhibit the same architecture, as they use the same signaling cascade downstream of their intracellular Toll/IL-1 receptor domains (6) . Because none of the ternary complexes involving IL-33 or any of the IL-36 cytokines has been resolved to date, the conservation of the ternary architecture of these complexes has only been assumed. In the present study, we have shown that agonism in the IL-36 subfamily follows grossly similar principles as in the IL-1 subfamily, but must employ distinct specific interactions for activation. Likewise, although the mode of action of antagonism in both IL-1 and IL-36 systems is similar, the precise molecular mechanisms by which antagonism is achieved differ markedly (Fig. 8) .
First, we probed the general architecture of the ternary complex by introducing charge-switching point mutations at a position close to the C terminus of the ILs. In IL-1b, the aspartate at this position makes a hydrogen bond to IL-1RAcP Ser 185 in both ternary complex crystal structures (20, 21) , and switching this residue to lysine (the corresponding residue found in IL-1Ra) greatly reduced the potency of IL-1b (31) . The reverse mutation in IL-1Ra renders the antagonist into a partial agonist (31) . Although IL36g has an alanine at this position, IL-36a (aspartate) and IL-36b (asparagine) are both capable of forming a hydrogen bond. Introducing aspartate in IL-36g increases the affinity to the IL-36R/ IL-1RAcP receptor pair. Indeed, changing this residue to lysine greatly reduces the potency of IL-36g, similar to what is observed for IL-1b (31), indicating that the general architecture of the ternary complex would allow the formation of the critical hydrogen bond between IL-1RAcP and IL-36. Additionally, based on the loop-swapping experiments, loop b11/12 seems to have the biggest contribution to the potential of IL-36g, as the effects of swapping loops b4/5 on the agonist potency were less severe. FIGURE 6 . Construction of superior agonists and antagonists chimeras is not directly adoptable from the IL-1b/IL-1Ra system. We created chimeras of IL36g and IL-36Ra in analogy to the superior agonistic and antagonistic IL-1b/IL-1Ra chimeras described by Hou et al. (12) . Chimera 125:30 corresponds to the superior agonist, chimera 96:63 to the superior antagonist. (A) Activation and (B) inhibition of IL-36R signaling was measured in the HEK293 T reporter cell system as outlined in Fig. 2 . Data are the means of duplicates 6 SD. One representative experiment of three replicates is shown. All data were fit to a fourparameter function, except those indicated with an asterisk. (C) Dissociation constants of chimeras and wild-type proteins as measure by SPR by binding to heterodimeric IL-36R/IL-1RAcP. Data are the means of at least four experiments 6 SD (exact number of replicates is given in Supplemental Table II ). The basis for antagonism through IL-36Ra differs even more significantly from that of IL-1Ra. Most strikingly, the IL-36Ra b11/12 loop is much longer than those in IL-36a, IL-36b, and IL-36g and likely acts to sterically hinder interaction with IL1RAcP (Fig. 8) . For the antagonistic properties of IL-1Ra the lysine directly C-terminal of the b11/12 loop is of utmost importance (31). IL-36Ra has an aspartate at this position, potentially enabling direct interaction with IL-1RAcP. However, this residue is likely shielded by the longer b11/12 loop. Although our binding assay does not enable us to discriminate between the individual contributions of IL-36R and IL-1RAcP to binding of IL36g and IL-36Ra, we observed a significant difference between the agonistic IL-36g and the antagonistic IL-36Ra in their affinities for the IL-36R/IL-1RAcP heterodimer. Kinetically, these interactions exhibit similar association rates but differ greatly in their dissociation rates, resulting in a .250-fold relative change in affinity for the IL-36R/IL-1RAcP complex. The half-lives of the antagonistic complexes are therefore much shorter, which may be insufficient to bring the intracellular domains of IL-36R and IL1RAcP long enough together to initiate signaling.
Because the molecular details of the interactions of IL-36 cytokines with IL-36R and IL-1RAcP have not yet been described in atomic detail, it remains a challenge to rationally switch IL-36 agonists into complete antagonists and vice versa. Using the ternary IL-1b complex as a blueprint, simultaneous swapping of loops b4/5 and b11/12 in IL-36g with those from IL-36Ra was not sufficient to remove all agonist potency (Fig. 7) . This indicates that there are additional regions of IL-36g that participate in binding to IL-1RAcP. Alternatively, simply swapping the extended b4/5 loop of IL-36g into IL36Ra was adequate to switch IL-36Ra from a complete antagonist into a partial agonist with no remaining antagonist activity. This chimera, however, had a comparatively low affinity and, therefore, had a much lower potency than did wild-type IL-36g.
Our inability to create superior agonists and antagonists by creating chimeras of the putative binding sites for the D1/2 and D3 domains, in analogy to the strategy used for IL-1b and IL-1Ra (12) , indicates that the IL-36 subfamily differs markedly from the IL-1 subfamily in the molecular mechanisms by which they activate and inhibit signaling. Through our mutational and loopswapping experiments, we observed that the affinity of both the agonist IL-36g (by mutation Ala 162 Asp) and the IL-36Ra (by loop swap of b4/5 from IL-36g) can be improved and, at least in the case of IL-36Ra, this also resulted in better antagonism. To rationally design superior agonists and antagonists for IL-36R, however, will require more insight into the precise molecular interactions of IL-36R binding to both its agonist and antagonist cytokines. FIGURE 8. Agonism and antagonism of IL-1 and IL-36 signaling share common principles but differ in their details. Important difference between the agonist and antagonist for IL-1R are the length of the b4/5 loop and a residue adjacent to the b11/12 loop. In IL-1Ra, the shorter b4/5 loop causes a movement of the membrane-proximal D3 receptor domain away from the binding site of IL-1RAcP. The lysine residue adjacent to the b11/ 12 loop is not able to form an important hydrogen bond with IL-1RAcP that is mediated by aspartate at the same position in agonistic IL-1b. In the agonists for IL-36R this residue plays the same role. Although IL-36g has an alanine at this position, changing this residue to the corresponding amino acids found in the IL-1 system had the same effect, indicating that the general architecture of the ternary complex of IL-R/IL/IL-1RAcP is maintained. In contrast, in IL-36Ra, this residue is aspartate as observed in the agonistic IL-1b. However, it is likely occluded from direct interaction with IL-1RAcP by the substantially longer b11/12 loop, which is likely also sterically hindering binding to IL-1RAcP. Loop b4/5 of the antagonist is shorter than the corresponding loops in the IL-36 agonists. This loop contributes significantly to the antagonistic properties of IL-36Ra, potentially by modulating movement of the IL-36R D3 domain. Additionally,
Supplementary Figure 1:
Sequence alignments of proteins used in the present study. Parts derived from IL-36γ are blue, parts derived from IL-36Ra are red. Point mutations are highlighted in yellow. Position of the twelve β strands of the β trefoil fold are indicated as observed in the structure of IL-36γ. 
